Background-The purported advantage of ABO-incompatible (ABO-I) listing is to reduce wait times and wait-list mortality among infants awaiting heart transplantation. We sought to describe recent trends in ABO-I listing for US infants and to determine the impact of ABO-I listing on wait times and wait-list mortality. Methods and Results-In this multicenter retrospective cohort study using Organ Procurement and Transplant Network data, infants Ͻ12 months of age listed for heart transplantation between 1999 and 2008 (nϭ1331) were analyzed. Infants listed for an ABO-I transplant were compared with a propensity score-matched cohort listed for an ABO-compatible transplant through the use of a Cox shared-frailty model. The primary end point was time to heart transplantation. The percentage of eligible infants listed for an ABO-I heart increased from 0% before 2002 to 53% in 2007 (PϽ0.001 for trend). Compared with infants listed exclusively for an ABO-compatible heart, infants with a primary ABO-I listing strategy (nϭ235) were more likely to be listed 1A, to have congenital heart disease and renal failure, and to require extracorporeal membrane oxygenation. For the propensity score-matched groups (nϭ197 matched pairs), there was no difference in wait-list mortality; however, infants with blood type O assigned an ABO-I listing strategy were more likely to undergo heart transplantation by 30 days (31% versus 16%; Pϭ0.007) with a less pronounced effect for infants with other blood types. Conclusions-The proportion of US infants listed for an ABO-I heart transplantation has risen dramatically in recent years but still appears to be preferentially used for sicker infant candidates. The ABO-I listing strategy is associated with a higher likelihood of transplantation within 30 days for infants with blood group O and may benefit a broader range of transplantation candidates. (Circulation. 2010;121:1926-1933.) 
I nfants listed for heart transplantation (HT) face the single highest waiting list mortality rate compared with all other age groups listed for HT in the United States. 1, 2 Because a growing number of studies are reporting posttransplantation outcomes for infants receiving an ABO blood group-incompatible (ABO-I) donor heart that are similar to those receiving an ABO-compatible (ABO-C) donor heart, [3] [4] [5] [6] [7] the number of infants assigned an ABO-I HT listing strategy nationwide has purportedly surged. This listing strategy allows infants to receive offers for a heart from an ABO-I donor in addition to offers for the ABO-C donor hearts that they remain eligible to receive.
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Limited information is available on the actual trends in ABO-I listing among US transplant centers since the first deliberate ABO-I HT was performed in the United States in 2002. Moreover, although the purported advantage of ABO-I HT listing is to reduce waiting list times, and by extension waiting list mortality, limited data are available on whether there has been an actual reduction in wait times for a donor organ or the secondary impact on waiting list mortality. 8 One of the primary threats to validity is selection bias introduced by the confounding effect of illness severity on the association between ABO-I transplant listing and waiting list mortality, 3 given that until recently ABO-I listing has generally been reserved for the sickest infants. Nevertheless, a more precise estimate of the actual reduction in waiting time would be helpful not only to better characterize the risk-benefit profile of this emerging treatment strategy but also to examine the role of candidate blood type on the benefit of the ABO-I listing strategy. Therefore, the primary purposes of this study were to describe recent trends in ABO-I listing among US transplant programs and to estimate the impact of ABO-I listing on organ wait times and waiting list mortality after adjustment for patient differences.
Methods

Study Population and Data Source
All children Ͻ12 months of age listed for first orthotopic HT in the United States between January 1, 2000 (2 years before the first ABO-I HT was performed in the United States), and August 20, 2008, were identified retrospectively through the Organ Procurement and Transplant Network (OPTN). The OPTN is an internally audited, mandatory, government-sponsored solid-organ transplant registry that collects information on all solid-organ transplants in the United States. Demographic and clinical information is reported by transplanting centers to the OPTN. Patients with blood type AB and those listed for heart retransplantation or multiviscera transplant were excluded. All patients were followed up from the time of listing for HT until removal from the waiting list because of transplantation, death, or recovery or on the day of last observation (August 20, 2008) .
Study Definitions and Outcome Measures
The primary study hypothesis was that infants assigned an ABO-I listing strategy have shorter HT waiting times compared with infants assigned an ABO-C listing strategy after adjustment for patient characteristics. For the propensity analysis, ABO-I listing strategy was defined as infants listed as eligible to receive a potential ABO-I HT at the time of initial listing as recorded by the United Network for Organ Sharing (UNOS). This group was compared with infants assigned an ABO-C listing strategy, defined as infants listed as eligible to receive a heart exclusively from an ABO-C donor throughout the duration of their wait period. Time on the waiting list was defined as the duration from initial listing for HT to the time of removal from the waiting list because of transplantation, death, or recovery. Subjects were censored at the time of death or recovery or on August 20, 2008, the last day of the study. A secondary composite outcome of death on the waiting list or removal from the waiting list because of clinical deterioration was also assessed.
All clinical and demographic variables were defined at the time of listing for HT unless otherwise specified. UNOS listing status was defined as 1A (highest urgency), 1B, and 2 according to revised criteria adopted by UNOS in 1999. 9 The level of hemodynamic support was defined as extracorporeal membrane oxygenation (ECMO), ventilator, or neither. Race/ethnicity data (categories included black, white, Hispanic, Asian, American Indian/Alaska Native, Native Hawaiian/Pacific Islander, multiracial, and other) were analyzed as reported by the transplanting center. Glomerular filtration rate was estimated with the Schwartz formula. 10
Statistical Analysis
Summary statistics are presented as median (first and third quartiles) or number (percent). Baseline patient characteristics were compared between infants listed for a potential ABO-I HT on day of listing and those listed exclusively for an ABO-C HT using the Wilcoxon rank-sum test for continuous variables and the 2 test for categorical variables. As a result of an imbalance in baseline characteristics between the 2 groups and to avoid potential selection bias, a propensity score-matched pair analysis was then performed. 11 For this analysis, a multivariable logistic regression model using 12 patient variables at listing (age, weight, year, race/ethnicity, listing status, diagnosis, sternotomy, inotrope, ventilator, ECMO, prostaglandin, dialysis) with the outcome "ABO-I listing strategy" was used to generate a propensity score (the probability of being assigned an ABO-I listing strategy) for each infant in the entire cohort. Infants assigned an ABO-C listing strategy (ie, those never assigned an ABO-I listing strategy at any time while on the waiting list) were matched to those assigned an ABO-I listing strategy using an optimal matching algorithm without replacement stratified by blood type; the difference in propensity scores between matched infants could not exceed 0.05. The matched groups were compared for baseline characteristics through the use of conditional logistic regression. The impact of listing strategy on clinical outcomes was assessed with a Cox shared-frailty model (assuming a ␥ distribution) that accounted for the propensity matching. The proportion of patients who died, were transplanted, recovered, or remained on the waiting list at 30 and 90 days past listing were displayed for the matched groups as competing risks graphs. All tests were 2 sided. The expected probability of ABO-I HT was calculated as the product of the probability of transplantation and the probability of receiving an ABO-I organ conditional on being transplanted for each blood type. The data were analyzed with SAS version 9.1 statistical software (SAS Institute Inc, Cary, NC) and STATA version 10.0 (StataCorp LP, College Station, Tex).
The authors had full access to and take responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Study Cohort
Between January 2000 and August 2008, 1382 infants were listed in the United States for primary HT. Of these, 51 infants were excluded because of AB blood type. The remaining 1331 infants formed the study cohort. Of these, 235 infants (17.7%) were assigned an ABO-I listing strategy at the time of initial listing, and 313 (23.5%) were listed for ABO-I HT at some point during their waiting period. The proportion of infants assigned an ABO-I listing strategy did not differ by blood type (17.4% of infants with blood type A and O, 19.5% of infants with blood type B), nor did the proportion of infants "ever assigned" an ABO-I listing strategy vary by blood type. Figure 1 summarizes the US trends in the ABO-I listing of infant HT candidates during the 8-year study period by time and by geographic region. For patients Ͻ6 months of age (a cohort presumed immunologically eligible for an ABO-I listing strategy), the proportion of infants assigned an ABO-I listing strategy increased steadily from 0 before 2002 to just over 50% in 2006 and 2007 (PϽ0.001 for trend) ( Figure 1A ). There was a substantial variation by geographic (UNOS) region in the clinical practice of listing infants for a potential ABO-I HT, ranging from 4% to 86% ( Figure 1B ). For infants listed status 1A, the prevalence of ABO-I listing was higher, especially for infants listed since 2004 (data not shown). Table 1 summarizes the baseline characteristics of the study cohort according to ABO listing strategy at the time of HT listing. For all infants, the median age at listing was 57 days (quartiles 1 and 3, 11 and 157 days), and the median weight was 4.0 kg (quartiles 1 and 3, 3.2 and 5.6 kg); 603 (45.3%) were female, and 553 (41.5%) were nonwhite. The primary cardiac diagnosis leading to HT listing was congenital heart disease in 855 (64.2%; of whom 172 [12.9%] were on prostaglandin E and 385 [28.9%] had a prior surgical repair reported) and cardiomyopathy in 329 (24.7%). Overall, 265 (19.9%) were supported on ECMO, and 441 (33.1%) were supported on mechanical ventilation. Comparing the 2 cohorts showed that infants assigned an ABO-I listing strategy were significantly younger, smaller, more likely to be supported with ECMO, more likely to be listed as status 1A, and less likely to be receiving prostaglandin E than infants assigned an ABO-C listing strategy ( Table 1) .
The median follow-up of the entire study cohort was 32 days (quartiles 1 and 3, 11 and 77 days), during which time 49% were transplanted, 20% died, 9% recovered, and 7% remained listed and waiting. Overall, 28% patients reached the composite secondary end point of death or delisting because of clinical deterioration. The median time to transplantation was 69 days (quartiles 1 and 3, 25 and 460 days) and was longer for infants with blood type O compared with infants with blood type A or B. Table 2 compares baseline characteristics of 197 pairs of patients matched by their propensity for ABO-l listing and by their blood type. Of these, 108 pairs (55%) had blood type O, 68 (35%) had blood type A, and 21 (11%) had blood type B. There were no significant differences in baseline characteristics between the ABO-I and ABO-C matched cohorts. No match could be found for 38 infants listed for ABO-I HT who were likely to be younger and to have congenital heart disease and more likely to require ECMO support at the time of listing because there were insufficient patients in ABO-C group with this prognostic profile. Thus, these patients were not included in the outcome analysis of the propensitymatched cohorts. Figure 2 illustrates the competing outcomes for infants wait-listed for HT according to ABO listing strategy for the overall propensity-matched cohorts (Figure 2A and 2B) and for infants with blood type O ( Figure 2C and 2D) . Overall, infants assigned an ABO-I listing strategy appeared more likely to undergo HT by 30 days, although the difference did not reach statistical significance (31% for ABO-I versus 26% for ABO-C; Pϭ0. 14) . The reduction in the median wait time for a donor heart (72 days for the ABO-C versus 54 days for ABO-I group; Pϭ0.21) was also not significant but suggested a trend. However, for infants with blood type O, twice as many infants had undergone HT by 30 days (31% versus 16%; Pϭ0.007) with a median waiting time that decreased from 87 days (95% confidence interval, 61 to 125 days) to 48 days (95% confidence interval, 33 to 65 days). There was no appreciable difference in waiting times for infants with blood type A or B. Overall, only 14% of 197 infants listed for an ABO-I HT received a heart from a donor with ABO-I blood type (7% for infants with blood type A, 15% for infants with blood type B, and 17% with blood type O). Because under current UNOS policy donor hearts are allocated to ABO-I candidates only if no ABO-C candidate can be found first, we also calculated the expected probability of ABO-I HT if donor hearts were allocated without a preference to compatibility status (Figure 3 ). Abbreviations as in Table 1 . *Median (first to third quartiles). Table 3 summarizes the impact of ABO-I listing strategy on waiting list mortality for the propensity-matched cohorts. Overall, there was no observable difference in waiting list mortality for infants listed for an ABO-I versus an ABO-C HT, regardless of patient blood type or whether the primary outcome was death or a composite outcome of death or permanent delisting because of clinical deterioration.
Outcome for Matched Cohorts
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Because the observed probability of receiving an ABO-I HT appeared low (14%) and, under current UNOS policy, donor hearts are allocated to ABO-I candidates only if no ABO-C candidate can be found first, we calculated the expected probability of ABO-I HT in the United States if donor hearts were allocated in a manner that was neutral with respect to ABO compatibility (Figure 3 ). Because there were infants in whom the listing strategy changed after the initial listing for HT (ie, assignment changed from an ABO-C listing strategy to an ABO-I listing-a group of infants not included in either of the propensity-matched cohorts), we performed a secondary analysis that included all infants who had ever been listed for an ABO-I HT during the wait-list period in the ABO-I group and found results similar to those reported above.
Discussion
In this study, we report that the US practice of listing infants for a potential ABO-I HT has risen dramatically over the past several years-to the point where, as of 2006, just over half of eligible infants have been assigned to an ABO-I listing strategy at some point during the waiting period, a proportion that is even higher among higher-risk infants. Infants with blood group O were most likely to benefit from being assigned an ABO-I listing strategy and, as a group, were twice as likely to be transplanted by 30 days after listing with an overall reduction in waiting time by as much as 45% (ie, 87 to 48 days). Although the benefit for infants with other blood types did not reach statistical significance, infants assigned an ABO-I listing strategy likely experience a 20% to 25% reduction in waiting time (or 2 to 3 weeks) for a donor heart. This is the first report to document this fundamental change in clinical practice for US infants awaiting HT, which follows in the wake of the landmark report by West and colleagues 4 in 2001 first describing successful transplantation of 10 infants with ABO-I cardiac allografts. Before 2001, ABO-I HT was generally performed only in the context of a medical error 12 and generally resulted in a catastrophic outcome because of hyperacute rejection mediated by ABO isohemagglutinin antibodies. 13 The present study describes how the prevalence of ABO-I listing has grown from a rare event strenuously avoided to the predominant clinical practice for at-risk infants in the contemporary era within a short 5-year time span. The present study is also the first to describe the reduction in waiting times attributable to ABO-I listing in a large multicenter cohort of patients, a benefit that has been largely presumed and poorly quantified until now.
As expected, the potential benefit of being assigned to an ABO-I listing strategy depends heavily on patient blood type. Infants with blood type O stand the most to gain from an ABO-I listing strategy because they are eligible for the fewest hearts when assigned to an ABO-C listing strategy (ie, blood type O hearts alone). If the same patient is assigned to an ABO-I HT listing strategy, the pool of donor hearts more than doubles (to include blood types A, B, and AB donor hearts). In contrast, infants with blood type A have the least to gain from an ABO-I listing strategy because the pool of donor hearts increases by only 15% to 20%. The benefit of an ABO-I listing strategy for infants with blood type B lies somewhere in between (expansion of the donor pool by Ϸ35%) but is difficult to demonstrate statistically because the low population prevalence of blood type B. Despite a pronounced difference in wait-list time for the propensity score-matched blood group O patients, we did not observe a significant reduction in waiting list mortality. This finding can be explained in large part by the smaller proportion of infants who ultimately reach the end point of death as opposed to transplantation, thus increasing the chance of a type II error. The lower frequency of death relative to transplantation likely stems from the presence of multiple competing outcomes for patients who have not received a transplant at a given time point, which effectively dilutes the strength of association between time to transplantation and waiting list mortality.
The findings of this study have several implications. First, our findings suggest that the practice of listing infants for a potential ABO-I HT may be emerging as a new standard of care for at-risk infants awaiting HT. The relatively rapid adoption of this listing practice across the United States likely stems from widespread appreciation for the high waiting list mortality facing US infants, 2,14 -16 combined with greater confidence in the outcomes of ABO-I HT 3, 4, 8 and the reliability of therapeutic techniques to prevent or reduce the alloantibodies responsible for severe antibody-mediated rejection in children. 3, 4, 8, [17] [18] [19] [20] Second, our findings suggest that the practice of listing infants for a potential ABO-I HT may actually be underused in many US centers if, indeed, outcomes after ABO-C and ABO-I HT are comparable. It could be argued that if the total number of donor hearts for infant candidates is limited, universal adoption of an ABO-I listing strategy for all infants would simply redirect scarce donor hearts to a different recipient cohort without an actual change in wait-list mortality. However, because a finite quantity of infant donor hearts are discarded each year in the US, it is likely that some wait-list deaths could be prevented by expanding the listing practice to most, if not all, eligible infants whose heart disease is judged severe enough to merit listing for an HT. According to data provided by UNOS, between 1999 and 2008, there were 246 infant organ donors in whom the heart was not recovered. Donor quality was not in question for at least 20% of these hearts. Even if only 5 to 10 additional donor hearts were transplanted rather than discarded each year, the impact on wait-list mortality could be significant (eg, Ն20% reduction), given the absolute number of infants who die annually waiting for a donor heart (ie, 30 to 40 infants in the United States). 
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Lastly, our findings suggest that the current organ allocation practice of prioritizing ABO-C hearts ahead of ABO-I hearts for infants awaiting HT may be outdated. The current allocation policy in the United States allows a donor heart to be directed to an ABO-I HT candidate only after no ABO-C candidate can be located. This may account for our observation that the percentage of infants actually receiving an ABO-I HT is lower than the theoretical rate (ie, 13% versus 21%) if ABO-I and ABO-C hearts were allocated with equal priority (Figure 3 ). Yet, because of the tendency to reserve the ABO-I listing strategy for sicker infants, 3 allocating hearts to ABO-C candidates first effectively disadvantages infants assigned to an ABO-I listing strategy without compelling justification. If true, the current allocation practice may be working at cross-purposes with the Final Rule on Organ Allocation to allocate organs on the basis of medical urgency 21 and net benefit. Ultimately, examining the net benefit of any proposed changes to organ allocation practice serves to ensure that overall survival surrounding organ transplantation-rather than simply wait-list survival or posttransplantation survival-is optimized, which can often lead to conflicting recommendations for organ allocation policy.
The findings of this study have several limitations related to the study design. First, our primary analysis did not account for changes in ABO-I listing status after the time of initial listing. However, secondary analyses looking at all patients listed for an ABO-I at any point yielded similar findings. Second, retrospective studies are susceptible to selection bias if a nonrepresentative sample of patients is selected for analysis. However, UNOS captures all patients listed for organ transplantation, making it less unlikely that the original study cohort is made up of a skewed population. The selection of propensity score-matched cohorts for direct comparison allowed us to address the imbalance in distribution of risk factors that existed between ABO-C-and ABO-I-listed infants in the entire cohort. Our findings are consistent in direction and magnitude with the predicted reduction in waiting times. Finally, the relatively small sample size of propensity-matched cohorts and the current allocation policy (which preferentially directs hearts to ABO-C-listed candidates) did not allow the comparisons to consistently achieve statistical significance. Nonetheless, this analysis provides us with a critical mass of evidence to responsibly support timely and important inferences.
Conclusions
The clinical practice of listing infants for a potential ABO-I HT has increased dramatically in recent years in the United States but still appears to be preferentially used for sicker infant candidates. Eligible infants listed for a potential ABO-I heart, especially infants with blood type O, can expect a meaningful reduction in waiting time for a donor heart and potentially a higher probability of surviving to transplantation. The ABO-I listing strategy may be currently underused by many US centers and may benefit a broader range of transplantation candidates.
